timed-collection technique was used in the first four dogs. A Gortex graft was anastomosed end-to-side to the descending aorta distal to the flow probe. Then, the descending aorta was cross-clamped below the graft, and timed collection of total aortic blood flow into a graduated cylinder was performed simultaneously with EM aortic volume-flow measurement ( Figure 1 ). This procedure was repeated at several different roller-pump rates for each animal. The Doppler echocardiographic data were analyzed with a DataVue System (MicroSonics, Indianapolis, Indiana) with a digitizer board and video overlay system. With the parasternal long-axis image, LVOT diameter was measured in midsystole just below the aortic valve leaflets, from the leading edge of the left septal endocardium to the leading edge of the basal anterior mitral leaflet. The average diameter was calculated from five to 10 beats, and circular cross-sectional area (CSA) was calculated as ir (D/2)2. In a subset of studies, average LVOT cross-sectional area was determined directly by planimetry of short-axis images from three to five beats. The velocity-time integral (VTI), planimetered as the outer border of the pulsed-Doppler spectral display, was averaged from five to 10 beats. Stroke volume (SV) was calculated as SV = CSA x VTI, and cardiac output was determined by multiplying stroke volume by heart rate (Figure 3) . Doppler echocardiographic and EM measurements of volume flow were determined independently. Methods were compared by linear regression, and Pearson's correlation coefficients were calculated.
Results

Electromagnetic Flow and Directly Measured Transaortic Volume Flow
Transaortic cardiac output measured by EM flowmeter for 24 data points from four studies correlated closely with transaortic flow by timed-volumetric collection, in the range of 0.4-2.4 1/min. As shown in Figure 4 , the regression line closely parallels the line of identity with a small positive y-intercept (r-0.97, y=0.87x+0.13 1/min, SEE=0.12 1/min).
When the distal aorta was cross-clamped, a steady state could not be achieved in these dogs at flow rates higher than 2.5 1/min. Figure 5 shows the correlation between Doppler and EM transaortic cardiac output in aortic stenosis, cardiac output ranging from 0.9 to 3. For individual dogs, directional changes in transaortic volume flow generally were accompanied by similar directional changes in Doppler volume flow as shown in Figure 6 for three of the animals. Directional changes in flow were mainly due to changes in the velocity-time integral, with little change in LVOT diameter or cross-sectional area.
Doppler and Two-Dimensional Echocardiography Transaortic Volume Flow
Cross-sectional areas calculated from long-axis LVOT-diameter measurements were not different from cross-sectional areas planimetered directly from short-axis images just below the aortic valve level (n = 15, 2.74 vs. 2.78 cm2, p = NS by paired t test), with a mean coefficient of variation between the two methods of 5%. The mean coefficient of variation for repeat LVOT-diameter measurements (n=29) was only 2%. Use of directly measured rather than calculated-LVOT area does not change the cardiac output results. Discussion
In this study, we developed an animal model of acute valvular aortic stenosis to judge the accuracy of Doppler echocardiographic measurement of volume flow proximal to the stenotic valve. Previous models of acute aortic stenosis used obstructions created by supravalvular constriction'3 or plication of a sinus of Valsalva,36,37 neither of which resem- However, several potential limitations of this study must be acknowledged. The Doppler method is based on both anatomic and hemodynamic assumptions. First, the LVOT is assumed to be circular, constant in size and shape during systole, and filled by forward flow. Review of short-axis, two-dimensional echocardiographic images of the LVOT in each study, the excellent agreement between calculated and planimetered LVOT crosssectional areas, and color-Doppler flow echocardiograms in a subset of animals suggests that these assumptions are warranted. This method also assumes that flow in the LVOT is laminar, which is supported by the finding of a smooth velocity curve in the outflow tract, with a narrow band of velocities throughout systole. Finally, it is assumed that the three-dimensional flow velocity profile is blunt. Careful sampling across the outflow tract in two tomographic planes shows a relatively uniform profile of flow velocities in the region just below the stenotic valve, but more precise characterization of subvalvular fluid dynamics was not possible in this animal model.
One further assumption is that diameter and velocity are measured at the same anatomic location in the outflow tract. LVOT diameter was measured from long-axis images obtained with the ultrasound transducer oriented perpendicular to the septal endocardial edge and anterior mitral valve leaflet, thus taking advantage of more accurate axial resolution rather than lateral beam resolution. However, the outflow tract systolic velocity curve was recorded from an apical approach to orient the ultrasound beam parallel to flow. Thus, to ensure that these two measurements were taken at the same level in the outflow tract, diameter was measured just below the stenotic valve (where the outflow tract is circular), and the velocity curve was recorded with the sample volume as close as possible to the stenotic valve.
We found that outflow tract cross-sectional areas calculated from long-axis diameters were nearly identical to areas measured by planimetry of shortaxis images. We 
